Pertinent evolutionary studies are based on a correct use of homology terms such as paralogues, metalogues and orthologues. Such crucial concepts have been applied to intragenomic and intergenomic analyses. A further requisite is a proper definition of what is a structural segment of homology. Such segments are called modules to reflect that they play a role in the mechanism of combinational construction of a gene from ready-made basic components. Since identifying a module is operationally equivalent to determining the ancestor to this gene segment, it becomes possible to track back protein history and genome evolution. Such studies underline the importance of two fundamental processes, gene duplication and gene fusion. Moreover, grouping the closest orthologues in families is a pertinent way to reconstruct a genomic tree for all available prokaryotes.
Introduction
Homology is one of the most important concepts in biology but its use -and misuse -has recently been extraordinarily accentuated since life scientists of nearly all fields entered the new era of genomics. Accordingly, we would remind the reader and emphasize the importance of basic, essential facts about homology (with emphasis on molecules, especially proteins). Then, to illustrate the importance of these homology concepts when using genomics data, we have summarized some of the results recently obtained using our experimental approach.
A few definitions

Defining homology
Two items are defined as homologues if they share a common ancestry. Such a definition has two fundamental implications: homology is (a) always a hypothesis; (b) an all-or-none property. Thus, an indirect way is necessary to assess experimentally whether two objects are homologues. In most cases, the level of similarity is the criterion used, e.g. two proteins will be labelled homologues if the number of their identical residues is higher than an imposed threshold [see e.g. 1, 7] .
The different classes of homology
As early as 1970, Fitch made a fundamental distinction [9] . Orthologous genes are homologous genes that diverged by speciation. Therefore, orthologues are the pertinent objects to use to reconstruct phylogenetic trees. Paralogous genes descend from an ancestral duplication, independently of speciation. Thus, paralogues are helpful for understanding the course of protein evolution, as long as the changes to sequences over time by processes of mutation, recombination and repair have not blurred the similarities. Fitch Correct assignment of homology 489 also dubbed as 'xenologue' any homologue introduced by lateral transfer. It has been further proposed [18] to use the term metalogues for paralogous genes that have been separated by speciation. This leads to an important point: in the case of asymmetrical loss of paralogous copies in compared species, the remaining metalogues could be erroneously interpreted as being bona fide orthologues.
The minimal segment of homology
In a stochastic model of protein evolution [5, 17] , the evolutionary distance separating two homologous proteins is given in PAM units. A PAM unit is defined as the number of accepted point mutations per 100 residues separating two sequences. In two seminal papers [1, 2] and using an approach based on information theory, Altschul, showed that 30 bits of information are necessary to distinguish an alignment from chance. He further showed that, in order to reach such a cut-off value, the length of the segment of homology was dependent on the nature of the Dayhoff substitution matrix used. Accordingly, to be statistically significant an alignment of sequences separated by a distance of 250 PAM units would need to have a length of at least 83 residues.
The concept of module, a structural segment of homology Riley and Labedan [16] used the Altschul cut-offs to assess the homologous relationships when comparing Escherichia coli proteins. In many cases, homology was found to be limited to long structural segments with a mean size of 220 amino acids. Such segments were called 'modules' to reflect that they play a role in the mechanism of combinatorial construction of a gene from readymade basic components. In our eyes, identifying a module is operationally equivalent to determining the ancestor to this gene segment. In support of this model, it is striking that for many prokaryotic genomes, the mean size of homologous proteins (∼450 residues) is about twice the size of non-homologous proteins (∼250 residues), this last size being close to the module size. Our module concept is crucial to understanding protein history by taking into account two major mechanisms occurring at the gene level: duplication and fusion. As explained below, comparison of modern-day proteins and identification of all modules will help to number the events of duplication and fusion, and thus, after grouping all homologous modules in families, to trace back to the ancestral genes which were at the origin of each family.
It may be more than a coincidence that the mean size of 220 amino acids we found for prokaryotic modules is rather close to the typical fold (=structural domain) size, 150 ± 50, determined by a completely different approach [10, 19] . Such a figure appears as a universal unit according to Wheelan et al. [19] , supporting our model of combinatorial construction of a protein (gene) from ready-made basic components. Furthermore, we must emphasize the point that modules are conceptually entirely different from the shorter segments of homology that have been registered as domains or motifs in various specialized databases [3, 4, 8, 14] . Domains and motifs are at a different level, being entities such as binding sites for co-factors and prosthetic groups. Domains/motifs are common features of many proteins that otherwise have no sequence similarity over a significant fraction of their total length. Although domains/motifs are important elements of the specificity of binding and the chemistry of action of a protein, as well as important features of any tertiary structure, it may be misleading to use their sequences to attempt to trace back protein history. Similar domains/motifs are found within proteins and modules that as a whole are not members of evolutionarily defined families.
Grouping proteins in families
Families of proteins must be built only on the basis of parental relationships. Thus, clustering proteins into evolutionarily related families on the basis that they share only short domains (or worse, shared motifs) could be delusory. Another pitfall must be avoided. Some genes are multimodular in the sense that they are composed of more than one single gene now fused into one. Some fused modules have independent evolutionary histories. In forming related groups, putting in the same bag multimodular proteins having unrelated modules would be totally erroneous. For a family to be pertinent, it must be made uniquely of homologous modules [12, 16] .
Using the modular approach to study molecular evolution of genes (proteins), genomes and organisms
Tracing back protein history
We have built a suite of automatic programs in order to cope with the present deluge of data released by the whole-genome sequencing projects [13] : (a) the Darwin AllAll program [11] detects homologous segments using thresholds for evolutionary distance (less than 250 PAM units) and alignment length (at least 80 residues); and (b) another program classifies these modules; (c) after assembling these homologous modules in families, (d) we further group families which are related by a chain of neighbouring unrelated homologous modules; (e) automatic analysis of these groups of families allows us to split into their component parts many fused modules, and/or to deduce by logic more distant modules; (f) all detected and inferred modules are reassembled in refined families. These two last steps, (e) and (f), are made by the program SortClust.
Intragenomic analysis
Our suite identifies all kinds of modules and proteins encoded by a genome [13] . For example, in the case of E. coli, 5527 paralogous modules were detected. They form 1020 families, which can be separated into 307 unique families and 713 families (4586 modules) which can be clustered into 91 groups of families connected by shared modules. When applying SortClust to these 713 families, 1896 of their 4586 detected modules can be reinterpreted. The 2690 remaining detected modules and the 1295 deduced ones assemble into only 235 refined families. At the end, we get a total of 697 unique modules and 4670 modules related to at least one other module (paralogues) forming 542 families. Thus, the ancestral genome would have been made of 1607 genes ancestral to the present-day unique proteins, 542 genes ancestral to the present-day 4670 paralogous modules, and 697 genes ancestral to the components of the presentday modules (which fused in various combinations with 4670 paralogous modules to create the 2487 paralogous present-day proteins).
Intergenomic analysis
Four classes of modules and proteins can be defined [13] . The first two categories correspond to proteins that are found in only one species (sp) and which either have a paralogue (para-sp) or are unique to their species (uni-sp). The last two categories correspond to orthologous proteins that either have a paralogue (para-ortho) or are unique to their species (uni-ortho). Figure 1 shows the respective distributions of gene classes when comparing four proteobacteria, E. coli, Campylobacter jejuni, Haemophilus influenzae and Helicobacter pylori. There are far more orphans, both paralogous and unique ones, in E. coli than in the three other bacteria. As already suggested, many of the homologues unique to E. coli may have been lost during the evolution of the three other proteobacteria to pathogenesis [6] . These E. colispecific paralogues form a strikingly high number (411) of small families (with two to six members) coding for putative transcriptional regulators, resistance to various substances (including antibiotics), or putative membrane proteins involved in various stages of transport of metallic ions and other rare environmental substances. These different functions may be important for the survival of E. coli in adverse conditions.
Tracing back genome evolution
Intragenomic analysis
The putative ancestral genome of E. coli would contain 2304 genes encoding unique modules detected or inferred in present-day proteins and 542 ancestors of the refined families of paralogous modules. Thus, a majority of genes apparently never duplicated or, if they did, all extra copies diverged very far or were eliminated. In contrast, a minority (18.5%) of genes duplicated often, with survival of the majority of the differentiated copies. Many of the products derived from the progeny of the highly duplicated minor set of ancestral genes fused either among themselves or with some of the unique genes in various combinations to increase the palette of functions available to the cell.
Intergenomic analysis
Thus, intragenomic data are helpful in disclosing many of the ancient events that created present-day proteins, but they are of limited use for exploring the distant history of genomes, since the putative size of the ancestral genome of E. coli would be unreasonably large. Assuming that the mean size (220 residues) of present-day modules mirrors the size of the product encoded by the 2926 'ancestral' genes, the ancestral genome would have a size as high as 1.93 Mb. However, intergenomic analysis helps one to go deeper into the past. From the data shown in Figure 1 , we could tentatively reconstitute the gene distribution of the putative ancestor to the pair E. coli /H. influenzae, and that to the pair C. jejuni /He. pylori. Accordingly, the last common ancestor (LCA) to these four proteobacteria would have been made of 3207 genes: (a) 73.9% that never duplicated and have been frequently (68.5%) lost by one of the organisms after a speciation event, the rest (174) being the ancestors of the 3122 genes which form the 1301 families of orthologues found in present-day species; (b) 26.1% went through more or less frequent events of duplication, giving birth to either the 1450 members of the 600 paralogous families specific to each organism or the 7973 members of the 664 families of paralogous orthologues. The relative numbers of uni-ortho and para-ortho evolutionary units have exploded by a factor of near 18 and around 33.5, respectively (Figure 2 ). Such data are in strong support of the forecast hypothesis of Ohno [15] that gene duplication is the main driving force to create new proteins/functions. Using families of closest orthologues to assess evolutionary relationships between prokaryotic lineages
Comparison of about 142 000 proteins present in 56 prokaryotic proteomes (46 bacteria and 10 archaea) identified more than 94 000 as having at least one orthologue. The distribution of PAM distances separating pairs of orthologues shows a nice correlation between the position of the peak of PAM distances and the phylogenetic distance separating the different pairs of organisms. On the basis of this correlation we designed the following experimental scheme: (a) selection of those orthologues having the shortest PAM distance in order to eliminate unwanted metalogues; (b) assembling these closest orthologues into 13 800 families; (c) the phylogenetic distance separating each pair of species is calculated as the mean of the means of the PAM distances separating each pair of closest orthologues computed for each family. This allows one to build a matrix of distances and to derive a tree which displays the main prokaryotic branchings found in the 16s RNA tree, but differs from it in several interesting aspects. The archaea appear to be well separated from the bacteria, with Halobacterium and Thermoplasma emerging first and in a paraphyletic position before the separation of the other euryotes (the methanogens being monophyletic), and of the crenotes. The proteobacteria are not monophyletic, the ε subdivision branching far away from the node common to the α, β and γ subdivisions. The chlamydiae and the spirochetes are unexpectedly positioned at the root of the bacteria, whereas the two hyperthermophiles (Aquifex and Thermotoga) form a monophyletic group that branches between the ε proteobacteria and the low GC Gram-positive bacteria. Deinococcus groups with the high GC Gram-positive bacteria and the cyanobacteria are paraphyletic to this subgroup. Fusobacterium branches close to the low GC Gram-positive bacteria. Such a global approach is interesting in that it (a) eliminates many of the flaws of the classical approach of molecular phylogeny and (b) seems more in agreement with what is known about prokaryotic biodiversity.
